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Abstract: Through a modified inherent strain model based on the minimum residual stress and deformation, three building schemes

with different building postures and support structures were evaluated by finite element analysis. Results demonstrate that according

to the principle of reducing the overall height of the building and reducing the support structure with a large tilt angle from the
building direction, the residual stress and deformation can be effectively reduced by proper design of building posture and support
before laser powder bed melting. Moreover, without the data of thermophysical property variation of Ti-6Al-4V artificial knee
implants with temperature, predicting the residual stress and deformation with acceptable accuracy and reduced time cost can be

achieved by the inherent strain model.
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1 Introduction

Laser powder bed fusion (LPBF) has been widely used in
aerospace, biomedical, and automotive industries because
LPBFed parts have superior performance of complex
geometry! *l. In LPBF process, metal parts are built layer by
layer through the selective melting and rapid solidification of
powder, which can be regarded as the formation of numerous
microwelds. The fast thermal cycle as well as the localized
heat input in the materials tends to generate high residual
stress, which can lead to part distortion or even cracking in the
final products” "',

Residual extremely
inhomogeneous local thermal distribution after rapid heating

stresses  typically arise from
and cooling during LPBF. As the thermal stress accumulates
due to repeated heating and cooling processes during the
whole building operation and reaches the critical strength
value, local distortion or even cracks may occur''*>",

In biomedical applications, Ti-6Al-4V alloy is commonly
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used as a structural implant material for the human body,
which can replace the lost or diseased biological structure of
the human body and improve the quality of life™". With the
aging population, artificial knee replacement surgery is one of
the most effective treatments for knee osteoarthritis. Ti-6Al-
4V alloy is the most widely used titanium alloy in
orthopedics™. LPBF technique offers the possibility to
customize bone replacements for patients. Reducing the
residual stress is a big challenge for manufacturing complex
parts, such as artificial knee joint (AKJ) manufactured by
LPBF. Optimizing process parameters and building schemes,
which involve building posture and support structure, to
reduce residual stress is an expensive and time-consuming
process via experiments. Alternatively, the finite element
model is frequently used to simulate LPBF process and to
predict the residual stress distributions™. Kundakcioglu et
al® reported a novel transient thermal analysis approach for
additive manufacturing (AM) process simulations of blood
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pump microimpellers for biomedical applications in a powder
bed system using a laser heat source. The predicted transient
temperature distribution agrees well with the experimental
ones. However, the calculation is extremely time-consuming.
The real construction process of 2 s takes up to 460 h of

251 ysed thermomechanical

calculations. Denlinger et al
simulation to predict the deformation accumulation of an
electron beam melted part with a large size on the order of
meters. Although the simulation and experimental results
show a good agreement with a maximum error of 29%, the
process involving 107-layer model took 631 h for
computation. To date, the coupled thermomechanical
simulations without many simplifications are hardly employed
for a real-size part manufactured by LPBF due to the long
process time and the large number of time steps, although the
model exhibits a high fidelity.

Ueda et al® established the inherent strain method for fast
estimation of the residual stress and strain of welded parts.
Numerous simulation and experimental results have
demonstrated the accuracy and effectiveness of this method in
predicting residual stress and strain in AM and metal welding
processes”’**! using a linear elastic model instead of the time-
consuming thermomechanical model.

Considering that most methods to reduce residual stresses
are based on changing process parameters, such as power,
scan speed, layer thickness, scan spacing, and scan strategy,
few studies have been conducted to reduce residual stresses by
changing the build posture and support structure of the
complex parts, such as medical implants. In this research, the
inherent strain method was employed to predict the residual
stress and distortion of AKJ made of Ti-6Al-4V alloy by
LPBF process. Firstly, the inherent strain was extracted from
the cantilever beam manufactured by LPBF and then applied
to the simulation of the artificial knee implant. Secondly, the
distributions of residual stress and deformation were predicted
for the artificial knee implant built at different postures with
different support structures. Finally, the predicted residual
stress values were validated with the experimentally measured
ones for AKJ built by LPBF process.

2 Experiment

The chemical composition of Ti-6Al-4V metal powder with
an average size of approximately 55 pum is listed in Table 1.
The corresponding material properties used in the numerical
simulation are listed in Table 2.

To determine the inherent strain scaling factor (SSF) used
for the simulation of residual stress, the cantilever beam was
built on an SLM 125 machine. The dimension of the
cantilever beam is shown in Fig. la. The teeth-like support
structure was adopted to ensure that the overhanging part of
the cantilever beam could be prepared with good quality. The

Table 1 Composition of Ti-6Al-4V metal powder (wt%)

Al \% C Fe (6] N H Ti
637 3.88  0.01 0.21 0.08 0.01 0.002 Bal

Table 2 Properties of Ti-6Al-4V alloy used in simulation

Property Value
Temperature/°C 20
Density/g-cm™ 4.405

Young’s modulus/GPa 107
Poisson’s ratio 0.323
Yield stress/GPa 1.098

optimized LPBF process parameters were used, as listed in
Table 3. The substrate was preheated at 200 °C and the high-
purity argon gas was used to prevent oxidation during the
whole LPBF operation.

For the practical LPBF process, the cantilever beam was
composed of 417 thin layers. To improve the finite element
simulation efficiency, the cantilever beam was divided into 25
layers and the thickness of each layer was 0.5 mm. The block
element meshing model of the cantilever beam is shown in
Fig. Ib. The von Mises yield criterion was selected for the
solution method of equivalent stress and strain. The
calculation of residual stress and distortion was conducted
through element birth and death techniques.

To investigate the influences of the building posture and
support structure on the residual stress and deformation of
AKJ, three building schemes were proposed, as shown in
Fig. 2. The samples of building scheme I and II possess
different support structures and the same building posture. The
samples of the building schemes II and III possess different
building postures and nearly the same supporting structure.
The mesh type was hierarchical tetrahedral, which has been

proven to be favorable®

in terms of conforming to the actual
geometry of the part, especially in the high curvature region.
AKJ models under building schemes I and II were divided
into 89 mesh layers and AKJ model under building scheme III
was divided into 110 mesh layers. The thickness of each
simulation layer was 0.6 mm. The workbench module of the

commercial ANSYS software was employed to simulate the

50
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Fig.1 Geometry (a) and meshing (b) appearances of cantilever beam
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Table 3 LPBF processing parameters

Parameter Value
Laser power/W 275

Laser scanning velocity/mm-s™' 1100
Layer thickness/pm 30
Hatching space/pm 120

Laser beam diameter/pm 100

Fig.2 Building scheme I (a), scheme II (b), and scheme III (c) of
LPBFed AKJ

stress and strain of LPBFed parts.

To verify the finite element simulation results on the
residual stress, 18 locations were randomly selected and used
for the residual stress measurement in LPBFed AKJ. The
measurements were conducted by X-ray diffraction (XRD) on
Stresstech XStress 3000 G2R. The X-rays were generated
using a Ti target at 30 kV and 7 mA. Seven y (the angle
between the examined surface and the diffraction crystal
plane) values, including —45°, —35.3°, -24.1°, 0°, 24.1°,
35.3°, and 45°, were selected for each measurement by the
side-inclination method. The diffraction angle, Young’s
modulus, diffraction crystal plane, and Poisson’s ratio were
142°, 110 GPa, {213}, and 0.34, respectively.

3 Finite Element Modeling of LPBF Process

3.1 Inherent strain method

inherent

The inherent strain ¢ can be calculated based on

Eq.(1), as follows:

inherent _ M
¢ SSF 2t (1)

where o, ,, and E represent the yield strength and the elastic

yield

modulus of the material, respectively.

SSF is an important factor in quantifying the deformation of
samples under different LPBF process conditions. The
detailed procedure to determine SSF is shown in Fig.3. Firstly,
the displacement d,, was measured when the cantilever beam
fabricated by LPBF is removed from the substrate. Then,
simulations were performed using the same geometric model
and material with the SSF, of 1 by default, and the simulated
deformation d__ of the model was obtained. Therefore, SSF

sim

could be calculated based on Eq.(2), as follows:

dexp
SSF = " SSF, @)

sim
3.2 Residual stress and strain simulation
The residual stress can be considered to relate to the
inherent strain®”. The inherent strain can be expressed by

Eq.(3), as follows:

ginherent — gtotal _ gelastic
— gthermal + Splastic + Sphase + goreep (3)
(e} = B* {u) )
{Stotal} — { Selastic:} + { 8inherent} (5)
{gelastiC} =F { ginherent} (6)
{0_ } =FE { gelastiC} (7)
where £°“ represents the total strain and can be calculated

based on the measured displacement u by Eq.(4); B represents

thermal

the strain-displacement matrix; & represents the thermal
strain; &™® and ™ represent creep strain and phase
transformation, respectively; £™™" is equal to plastic strain
e”™: o is residual stress; E and F in Eq. (6) and Eq. (7)
represent the stress-strain matrix and strain coefficient matrix,
respectively.

Considering that ™™ disappears with the decrease in
temperature, creep strain £ and phase transformation g™
are negligible, compared with plastic deformation. The

Cantilever
beam

|

-_ S$F0=l

! '

Experiment ‘Simulation
(?) @

|
'
e,
SSF = " SSF,

sim

Fig.3 SSF determination process
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total

relationship between £ and ™" can be simplified as Eq.(5).
The relationship among the residual stress o, inherent strain
gt and elastic strain ¢ can be derived from Eq.(6-7).

3.3 Layer-by-layer activation

The LPBFed part is typically formed by melting and
cooling layer by layer. Each layer can be regarded as a basic
unit generating an inherent strain for LPBF simulation. The
inherent strain was applied to each mesh element to calculate
the deformation and stress while ignoring the transient process
of LPBF. The deformation was introduced into the body by
layer-by-layer activation of inherent strain. The first layer on
the substrate was activated to calculate the stress and
deformation using the inherent strain while the rest layers
were deactivated. Then, the next layer was activated and the
same operation was repeated until the entire layers of the part
were completed.

4 Results and Discussion

4.1 Experiment results of cantilever beam

The cantilever beam manufactured by LPBF is shown in
Fig. 4a. The necking shrinkage can be observed near the
interface between the overhanging beam and the teeth-like
support, as indicated by the white arrow in Fig. 4a. This
necking shrinkage should result from the sudden change of the
cross-sectional area from the overhanging beam to the teeth-
like support. In addition, an observable warping deformation
occurs when the cantilever beam part with the teeth-like
support is separated from the substrate with the left part still
being fixed on the substrate, as shown in Fig. 4a. The
maximum warping on the right end of the cantilever beam is
measured to be 1.25 mm.

The simulated deformation result using an initial SSF, of 1
for the cantilever beam is shown in Fig. 4b. The maximum
warping on the right end of the cantilever beam is calculated
to be 5.32 mm. Therefore, SSF under the current LPBF
process parameters can be derived as 0.235, which is in turn
input to the simulation model to predict the deformation. It is
clear that the newly simulated deformation result (Fig.4c) is
quite consistent with the experimental one (Fig. 4a). As
reported in Ref. [36—37], the cantilever beam is a common
benchmark model to verify the simulation accuracy of the
LPBF process. To further substantiate this phenomenon in this
research, the warping deformation of the 10 locations along
the cantilever beam was examined and compared with the
simulated ones. For each location, the warping value is
averaged over 10 measurements. As shown in Fig. 5, the
simulation results are in good agreement with the
experimental ones, which indicates that the model is reliable
for the prediction of deformation and even residual stress of
LPBFed parts.

4.2 Simulation results of AKJ
4.2.1 Deformation distribution

Fig.6 shows the deformation distribution of AKJ with (Fig.6a
—6¢) and without (Fig.6d—6f) support structures under different
building schemes. It can be seen that the maximum

Necking shrinkage a

Necking shrinkage b

}5.32

Necking shrinkage

y 1.25

Fig.4 Deformation of cantilever beam after separation from

substrate: (a) real deformation of cantilever beam;
(b) simulated deformation of cantilever beam with SSF=1;
(c) simulated deformation of cantilever beam with SSF =

0.235

1.4
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Fig.5 Comparison of experiment and simulation results of

deformation along the top centerline of cantilever beam

deformation occurs in the support structure, the transitional
area of a differently oriented cross-section, and the area near
the outer side, as indicated by black arrows in Fig. 6. These
locations usually involve a large cooling rate and therefore
exhibit high residual stress and deformation. Secondly, AKJ of
building scheme Il possesses the minimum deformation while
that of building scheme [ exhibits the maximum deformation
with the support structure. Thirdly, after the support structure is
removed, the maximum deformation decreases for AKJ of
building scheme [ and Il , whereas the deformation
distribution of AKJ of building scheme Il does not exhibit any
change. It is suggested that the support structure of the building
scheme Il does not have many effects on stress release. It
should be ascribed to its tall building posture, which weakens
the benefits of the support structure. By comparison, the
supporting structure of building scheme 1II is the most effective
in reducing the deformation of AKIJ, although its support
structure seems simpler than that of building scheme I, where
an additional upper support structure denoted by red arrow in
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Fig.6 Deformation distributions of AKJs with (a—c) and without (d—f) support structures under building scheme 1 (a, d), scheme II (b, €), and

scheme Il (c, f)

Fig. 6a is designed. This upper support structure of building
scheme I has a large tilt angle with the building direction and
may introduce residual stress or deformation into AKJ due to
excessive constraints, compared with that of building scheme
Il . In addition, the distributions of the deformation compo-
nents along the X, ¥, and Z directions are presented in Fig.7. It is
obvious that the deformation along Z direction, namely the
building direction, is typically larger than that along X and Y
directions in all building schemes. It is suggested that the stress
concentration is more severe along the building direction (2)
than the scanning plane (XY) due to the inherent layer-by-layer
building mode during LPBF process.

4.2.2 Residual stress distribution

Fig. 8 shows the residual stress distributions of AKJ with
(Fig.8a—8c) and without (Fig.8d—8f) support structures under
different building schemes. It is found that nearly no change
occurs in the residual stress distribution with the deformation
varies, especially for AKJ with building scheme I and I
when the support structure is removed for the samples. The
relatively high deformation induced during LPBF (Fig. 6)
releases most of the residual stress in the support structure
after the support structure is removed, and therefore nearly no
change occurs in residual stress distribution. In addition, AKJ
of building scheme Il possesses the highest residual stress
whereas AKJ of building scheme [ exhibits the lowest
residual stress. AKJ of building scheme II exhibits a little
higher residual stress than AKJ of building scheme 1 . The
maximum deformation and maximum stress under different
schemes are summarized in Table 4.

It should be noted that the maximum stress typically occurs
at the outer surfaces”™ ™ and the zones with the sudden
change in cross-sectional area for AKJs of all three schemes,
as indicated in Fig.8. To further compare the residual stress
distribution, the variation of residual stress on the same
segmented line ACB, as shown in Fig. 9a, is presented in

Fig.10. It is obvious that the maximum residual stress occurs
at the intersecting point C in all three schemes. AKJ of
building scheme Il has the highest residual stress of 725
MPa. It can also be found that asymmetrical stress distribution
exists for AKJ of building scheme I and II and symmetrical
stress distribution exists for AKJ of building scheme Il along
line ACB. This result is related to their locations or heights in
terms of the building direction. The residual stress distribution
on an equivalent inner profile for AKJs of different building
schemes is shown in Fig.11. The stress typically accumulates
along the building direction, which is particularly obvious at
the large height level of the part. The overall building heights
of building scheme [ and II are equivalent and smaller than
the building height of building scheme Il , which costs more
building time and leads to higher residual stress. Therefore,
building scheme Il is the most unfavorable for LPBFed AKJ.
After the support structure is removed, the minimum strain
and moderate stress occur in AKJ of building scheme 1II .
Thus, building scheme Il can be considered as optimal
selection in terms of building posture and support structure for
producing AKJ by LPBF process. The residual stress
components along X, Y, and Z directions on an inner profile
indicated by A-A plane in Fig.9b for AKJ of building scheme
Il are shown in Fig. 12. It can be seen that the stress
component along Z direction is far larger than that along X or
Y directions. Thus, decreasing the building height as much as
possible is a priority criterion for selecting the building
posture of a complex-shaped part.

4.3 Experiment verification on

residual stress and

deformation
18 locations were randomly selected for residual stress
evaluation in the outer side of AKJ of building scheme II, as
shown in Fig. 13, using Stresstech XStress 3000 G2R. The
experimental results are compared with the simulated ones, as
shown in Fig.14. It can be seen that the simulated values have
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Fig.7 Deformation distributions along different directions of AKJ under different building schemes
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Fig.8 Residual stress distributions of AKJ with (a—c) and without (d—f) support structure under building scheme (a, d), scheme II (b, ¢), and

scheme Il (c, )

a good agreement with the experimental ones and the
deviations are within 20%, indicating that the modified
inherent strain model has a great potential to predict the

residual stress and deformation distribution of LPBFed parts,
particualrly when the functions of thermophysical properties
with temperature of materials are unknown. Besides, it can be
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Table 4 Maximum strain and maximum stress of AKJ under

different building schemes

Building scheme =~ Maximum strain/mm  Maximum stress/MPa

I 0.17 1209.5
0.13 1219.4
It 0.19 1235.6

Fig.9 Selected path of line ACB (a) and A-A cross-sectional configu-
ration (b) in AKJ

7501 Scheme I
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Scheme IIT
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400
350

30—
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Distance/mm

Equivalent Stress/MPa

6 7 8 9

Fig.10 Residual stress variations along line ACB in Fig.9a of AKJs

of different building schemes

concluded that appropriate building posture and support
structure designs prior to LPBF can effectively reduce the
residual stress and deformation according to the principle of
reducing the overall height of the building and reducing the

)

. 1209.5 Max

1075.7
941.88
808.08
674.28
540.48
406.68
272.88
139.07
5.272 Min

o

1219.4 Max

. 10848
950.16
815.53
680.9
546.27
41164
277.01
14239
7.7577 Min

(e}

. 1235.6 Max
1099.8
963.92
828.06
692.2
556.34
42047
28461
14875
12.892 Min

Fig.11 Residual stress distributions in AKJs of building scheme 1 (a),
building scheme Il (b), and building scheme Il (c)

Fig.12 Stress distributions along X direction (a), Y direction (b), and
Z direction (c) of A-A cross-section in Fig. 9b of AKL of
building scheme I
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Fig.13 Selected points for residual stress measurement of AKJ of building scheme 1l : (a) points 1-6, (b) points 7-12, and (c) points 13-18
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® Simulation
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=9
gt T 1
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Z 400-$ . ! ][. {
200} L 37 '
0 . . . \ \ . . . L
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Point

Fig. 14 Comparison between experimental and simulated results of
residual stress of 18 points of AKJ of building scheme 1I

support structure with a large tilt angle from the building
direction.

5 Conclusions

1) The maximum stress is typically on the outer surface or
locations with the sudden change of cross-sectional area,
which is more obvious when the building height increases.

2) Predicting the residual stress and deformation with
acceptable accuracy can be realized using the modified
inherent method for complex-shaped LPBFed parts without
the thermophysical properties of materials at elevated
temperatures.

3) Appropriate building posture and support structure
designs prior to LPBF can effectively reduce the residual
stress and deformation according to the principle of reducing
the overall height of the building and reducing the support
structure with a large tilt angle from the building direction.
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